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ABSTRACT
Aim: National European growth references differ. We aimed to convert (harmonize)
currently used charts into a single uniﬁed interchangeable LMS format for each European
nation.
Methods: Nine currently used national European growth references from Belgium
(2009), France (1979), Poland (2001), Sweden (2002), Switzerland (1989), the UK
(1990), Italy (2006) and Germany (1979 and 1997) were harmonized and compared
with the international WHO child growth standards and WHO growth reference data for
5–19 years.
Results: European growth charts can be harmonized. The approach appears useful
as height, and body mass index (BMI) is inappropriately represented by WHO references.
European height references exhibit warping when plotted against the WHO reference. The
French appears too short, the other Europeans too tall. Also, the BMI is not appropriately
represented by the WHO references.
Conclusions: Harmonizing references is a novel, convenient and cost-effective
approach for converting historic and⁄or incomplete local or national growth reference
charts into a uniﬁed interchangeable LMS format. Harmonizing facilitates producing growth
references ‘on demand’, for limited regional purposes, for ethnically, socio-economically or
politically deﬁned minorities, but also for matching geographically different groups of
children and adolescents for international growth and registry studies.
INTRODUCTION
Human growth is a dynamic process that is usually visual-
ized by plotting individual measurements on so-called
growth charts. Growth charts are common tools in the pae-
diatric practice (1). They are usually derived from large local
or national cross-sectional surveys. National growth charts
are available for most European and also for many
non-European populations. Since several years, also inter-
national growth reference charts based upon global rather
than local samples of children are being recommended (2).
The rationale for such charts goes back to recommenda-
tions of a Working Group on infant growth established by
the World Health Organization (WHO). The group
emphasized the similarity in early childhood growth among
diverse ethnic groups and suggested describing how
children should grow rather than how children grow
[(3), http://www.who.int/childgrowth/1_what.pdf]. Inter-
national growth references appear particularly convenient
when growth data from different ethnic or geographic
sources need to be matched, e.g. in multi-centre growth sur-
veys, international drug monitoring or postmarketing sur-
veillance of growth hormone therapies. Yet, the apparent
differences in growth between the various European popu-
lations still raise inconvenient questions about the validity
of so-called international references.
Traditionally, body height, body weight and body mass
index (BMI) are being described in absolute terms and plot-
ted on national growth reference charts. These charts usu-
ally offer mean values, standard deviations (SD) and⁄or
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oped. For clinical use, the LMS method has been recom-
mended almost 25 years ago (4) using three parameters (L,
M and S) to transform skewed data to normality. This
method allows converting individual measurements y from
the measurement scale (cm, kg, kg⁄m
2) into the SD score
(SDS) scale, a single uniﬁed format with z- or SDS values
(5,6). Based on the principles of transformation techniques
(7), the conversion in case of L „ 0 is achieved via
z ¼
y
M
   L
  1
LS
ð1Þ
where z denotes a standard normal distributed random vari-
able. The equation can be rewritten yielding
y ¼ MðzLS þ 1Þ
1
L
allowing the calculation of quantiles for y based on quan-
tiles of z and given parameter values. Note that for L = 1,
the parameters M and S correspond directly to the median⁄
mean and the coefﬁcient of variation of y. Note that for
L = 0, the two above relationships render into
z = [log (y⁄M)]⁄S and y = M exp [Sz]. Thus, given (esti-
mated) parameters L, S and M from the population under
consideration, SDS scores can be readily computed. A few
modern growth references, e.g. the WHO (3) and UK refer-
ence curves (8), are already constructed according to the
LMS method and allow converting measurements from
measurement scales into SDS scales. Yet, the majority of
the currently used European growth references still lack this
option, which implies a major shortcoming when compar-
ing child and adolescent growth between the various Euro-
pean nations.
MATERIAL AND METHODS
We selected nine currently used European national
growth references from Belgium (9), France (10), Poland
(11), Sweden (12,13), Switzerland (14), the UK (8,15,16),
Italy (17) and two references from Germany [Reinken
(18–20) and Hesse (21,22)]. Of these, only the UK refer-
ence provides full range LMS tables and allows complete
conversion of height and BMI measurements into SDS
for all ages. The Belgian reference provides LMS for
height, but lacks BMI below 3, and the Italian reference
lacks height and BMI below 2 years. The French, the
Swiss and the German Reinken references provide full
information on height, but lack BMI. The German Hesse
and the Polish references provide information on height
and 50th percentiles for BMI, and the Swedish reference
provides information on mean values, skewness and kur-
tosis for height and BMI.
Statistical approach
We tested whether these heterogeneous European growth
references can be converted into one single interchangeable
LMS format consisting of full range LMS tables for height
and BMI from birth to maturity. Such a conversion would
be an excellent practical solution – at least until lege artis
assessed new national LMS references are available. For
this goal, we developed a technique to amalgamate (harmo-
nize) data that are already published and data that rely on
estimates obtained from previous meta-analyses, e.g. (23).
To achieve a harmonized representation of growth charts,
we refer to the LMS methodology not implying that the
LMS approach provides the best characterization for each
population under consideration. In particular, for our pur-
poses, we lack the feature of smoothing growth charts via
use of spline functions underlying the parameters of LMS
approach as given by (5). Merely, as an established tech-
nique, it shows of a feasible trade of between accuracy and
tractability to achieve harmonization. We propose quite a
heuristic technique for harmonizing formerly heteroge-
neous and incompatible references into one single uniﬁed
and interchangeable SDS format, which is based on the
publicly available heterogeneous information on European
growth charts. Note that the LMS curve approach requires
data on the individual level for each considered population.
Unfortunately, for many populations, only few empirical
moments are published; in particular, often even quantiles
relevant for clinical purposes are not available. Thus, our
approach aims at mapping available information (most
often empirical moments like means and SD) into LMS
parameters in order to provide harmonized growth charts
providing all relevant information for clinical purposes.
Harmonizing facilitates generating references ‘on demand’,
particularly for limited regional purposes, for ethnically,
socio-economically or politically deﬁned minorities, but
also for matching geographically different groups of chil-
dren and adolescents for international growth and registry
studies.
Our approach is related to the methods of moments prin-
ciple allowing in general to base parameter estimation on
empirical moments. Consider the case of L = 1. Then, the
underlying Box Cox transformation in Eqn 1 implies the fol-
lowing moment conditions:
j1 ¼ E½y ¼M
j2 ¼ E½ðy   j1Þ
2 ¼S
2M
2
This moment conditions suggest the equations
M
  ¼  y
and
S
  ¼
SD
 y
with  y denoting the arithmetic mean and SD the standard
deviation to be reasonable choices for the parameters given
L=1 .
This principle can be generalized to the situation
L „ 0 implying moment conditions of the form
j1 = E[y] = f1(M, S, L), j2 = E[(y ) j1)
2]=f 2(M, S, L) and
j3 = E[(y ) j1)
3]=f 3(M, S, L). These moments are given as
integrals, e.g.
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Z 1
 1
MðtLS þ 1Þ
1
L 1
ﬃﬃﬃﬃﬃﬃ
2p
p e t2
2dt
and have no closed form solution for general value of
k „ 0. Hence, simulation techniques are applied to solve
the integrals and the corresponding non-linear equation
system in turn. In case of information available on quantiles,
the corresponding condition
qp ¼ð /
 1ðpÞLS þ 1Þ
1=LM; ð2Þ
where p denotes the underlying probability threshold and
u
)1 the inverse of the standard normal distribution, can be
used to calculate reasonable values for the parameters. In
particular, this relation reduces the complexity of the non-
linear equation system, as it provides an explicit relation-
ship between the three parameters of interest. Neverthe-
less, the transformation used between a standard normal
random variable z and an observation y (Eqn 1) is not a
one-to-one transformation that allows transforming any
value from the interval )¥ to ¥ (range of z) towards only
positive values (range of y), but depends on the restric-
tions z < )1⁄(LS) for L < 0o rz > )1⁄(LS) for L > 0,
which was incorporated within the simulation of the
above moments.
The above principles are operationalized as follows.
To ease the computational burden, we employed at most
three empirical moments for identifying the LMS param-
eters. Further information present in additional reported
empirical moments is neglected. The approach thus
should be interpreted as a simplifying approximation in
order to identify reasonable values for LMS parameters.
Complications arise when direct information on three
moments is missing. This is often the case for BMI.
Given that information on two empirical moments are
available only, we identify M and S based on a heuristic
reasonable choice of L. L-values differ markedly
between populations with widely overlapping 95% conﬁ-
dence intervals. The choice of L takes into consideration
various L-values of Belgian (9), UK (8,15,16), Italian
(17) and WHO references, and additional studies pub-
lished in the Netherlands (24), Germany (25), Sweden
(26) and Brazil (27). Arithmetic means obtained from
these studies were considered a reasonable choice of
L-values (Fig. 1, Table 1). Several growth studies only
provide means of height and weight, but entirely
lack BMI. As we are unable to exactly infer on LMS
parameters, but rather have to approach a reasonable
choice of these parameters, we estimated crude approxi-
mations of the mean BMI by the ratio of the involved
means of weight and height (and squares thereof). Natu-
rally, these approximations lack statistical foundation. As
in some data sets, correct arithmetic means of BMI
were available; we cross-checked the correct and the
crude approximations and only found small differences
that may be regarded negligible for clinical purposes
(Fig. 2).
Weight
Weight depends on height (small persons tend to weigh less
than tall ones), and as published information on weight is
inconsistent, some references provide LMS for weight, oth-
ers percentiles, others only mean values and SDs; the WHO
references even lack information on weight beyond the ages
of 10 years, we restricted the present work to height and
BMI. This decision was supported by the fact that modern
clinical decisions on nutritional status are anyway based on
cut-off values for BMI and not on weight (28).
Height
For clinical purposes, the parameter height can be consid-
ered normally distributed. Most growth references using
LMS; therefore, set L = 1 at all ages. This was carried out in
the references from Belgium, the UK and Italy. The other
references provided mean values and SD for height that
were converted into LMS tables with L = 1 for all ages. As
the Italian references lacked information on height in
infancy, we amended WHO height values for young ages.
BMI
Weight and BMI are not normally distributed. LMS tables
for BMI are present in the references from Belgium, the UK
Figure 1 Correct M-values for body mass index (BMI) are deﬁned by the indi-
vidual weight⁄height
2. As this information was absent in several studies, we
instead created crude M-BMI by dividing mean weight by squared mean height.
The differences between correct mean values and crude BMI appeared small in
the German, Polish, UK, Italian, WHO and Belgian studies.
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references provide 50th percentiles. The Swedish reference
(12,13) provided arithmetic mean values for BMI, and the
French (10), the Swiss (14) and the second German [Rein-
ken (18–20)] references entirely lacked BMI. In these popu-
lations, we amended reasonable choices of L-values for
BMI as described above.
Original S-values were only available in the Belgian, the
UK and the Italian references. In the other references, we
had to amend heuristic choices of reasonable S-values
(Table 1, (29), Hermanussen, Meigen, unpublished). Per-
centiles can be used to estimate S-values according to Eqn
2. This was carried out in the Polish and in the Hesse refer-
ences. The French, the Swedish, the Swiss and the Reinken
references lacked percentiles. We therefore added a heuris-
tic choice of S-values and separately compiled tables con-
taining population-speciﬁc M-, L- and S-values for the
Polish, the Hesse, the French, the Swedish, the Swiss and
the Reinken references. Table 2 provides an example. This
approach harmonizes original and reconstructed data into
one single uniﬁed, interchangeable format consisting of
complete LMS tables for the nine European growth refer-
ences.
RESULTS
Table 2 exempliﬁes harmonized LMS for the German
growth reference published by Hesse (21,22). Mean height
(H M), SD for height (H SD) (22) and percentiles for BMI
(21) were available. The 50th percentiles for BMI were
taken as BMI-M. Heuristic BMI-L was taken from Table 1.
The published percentiles for BMI were then used to amend
BMI-S. The precision of this procedure can be assessed by
comparing originally published and LMS-derived percen-
tiles. Table 2 exempliﬁes the case of the 97th percentile: the
originally published and the LMS-derived percentiles dif-
fered by 0.1 (SD = 0.4) BMI units.
The UK growth reference tables consisted of full range
LMS tables (8,15,16) and did not need any amendments.
Belgian BMI values needed amendment for ages below
3 years, and Italian height and BMI values were amended
for ages below 2 years. In the other populations, BMI values
have been amended at all ages, either based on correct
[Poland, Sweden, Germany (Hesse)] or crude BMI-M
[France, Switzerland, Germany (Reinken)].
In many countries, the international WHO child
growth standards and WHO growth reference data for 5–
19 years are considered the gold standard for growth
assessment. We therefore referred height of the nine
European growth studies on WHO charts and tested the
agreement between European and WHO references. Fig-
ure 3 exempliﬁes the 10th European height percentiles
plotted on WHO growth standard⁄references. The ﬁgure
illustrates that none of the European 10th height percen-
tiles are appropriately represented by the WHO reference.
Nearest to WHO is the UK reference, the French appears
too short at all ages with some 25% of the young popula-
tion below the 10th percentile of WHO height, other
Europeans are too tall. All depicted European percentiles
show a trough at 12–13 years indicating warping against
the WHO reference.
Similarly, incongruent results were obtained when plot-
ting M-values for BMI on WHO standard⁄references
(Fig. 4). Italians are particularly aberrant with more than
70% of the mid-pubertal adolescents surpassing mean
WHO BMI. Regardless, whether the patterns of M-value for
BMI were obtained from correct M-values, or 50th
Table 1 Heuristic reasonable choices for BMI-L and BMI-S
Females Males
Age (years) BMI-L BMI-S Age BMI-L BMI-S
0 0.001 0.074 0 0.001 0.085
0.25 )0.1 0.101 0.25 )0.1 0.077
0.5 )0.3 0.079 0.5 )0.2 0.079
0.75 )0.5 0.083 0.75 )0.3 0.091
1 )0.6 0.08 1 )0.4 0.086
1.5 )1 0.085 1.5 )0.6 0.087
2 )1.3 0.084 2 )0.7 0.084
3 )1.5 0.078 3 )1 0.071
4 )1.8 0.082 4 )1.2 0.072
5 )1.9 0.089 5 )1.4 0.075
6 )2 0.091 6 )1.6 0.081
7 )1.9 0.102 7 )1.7 0.092
8 )1.7 0.107 8 )1.8 0.098
9 )1.6 0.112 9 )1.9 0.102
10 )1.5 0.119 10 )1.9 0.108
11 )1.4 0.124 11 )1.9 0.112
12 )1.3 0.138 12 )1.8 0.117
13 )1.3 0.139 13 )1.8 0.119
14 )1.3 0.128 14 )1.7 0.122
15 )1.3 0.116 15 )1.6 0.117
16 )1.2 0.11 16 )1.6 0.115
17 )1.2 0.11 17 )1.6 0.115
18 )1.1 0.105 18 )1.5 0.117
BMI, body mass index.
Figure 2 Published L-values of the Belgian (9), the UK (8,15,16), the Italian (17)
and the WHO references, and studies published in the Netherlands (24), Ger-
many (25), Sweden (26) and Brazil (27). The obvious differences in L are not
explicable by particular features of the populations. Through lines indicate heu-
ristic reasonable choices of L-values (Table 1).
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(11), UK (8,15,16), Italian references (17)] or from crude
M-values (France (10), Switzerland (14), Germany [Rein-
ken (18–20)], the patterns appeared similar. European
infants are in general heavier than WHO standards suggest-
ing that the infant WHO BMI standards are not appropriate
for European populations.
DISCUSSION
Child and adolescent growth have traditionally
been viewed as an indicator of individual health [http://
whqlibdoc.who.int/trs/WHO_TRS_854.pdf (30)] and
society wellbeing (31). Yet, constructing and later actu-
alizing empirical growth reference charts to identify
individual health impairment is a demanding and
Table 2 An example for harmonizing: The German reference (Hesse) provides mean height (H M), standard deviation for height (H SD) [22] and percentiles for BMI [21]
Age H M H SD BMI-L BMI-M BMI-S calBMIp97 pubBMIp97
Female Birth 50.4 2 0.001 12.60 0.0822 14.706 14.4
Female 0.25 60.2 2.2 )0.1 15.03 0.0767 17.379 17.29
Female 0.5 67.3 2.3 )0.3 16.04 0.0744 18.506 18.64
Female 0.75 72.4 2.5 )0.5 16.09 0.0752 18.631 18.85
Female 1 76.3 2.7 )0.6 16.15 0.0843 19.079 19
Female 1.5 81.8 3 )1 16.31 0.0779 19.111 19.01
Female 2 86.1 3.4 )1.3 16.36 0.0769 19.203 18.96
Female 3 94.3 4.1 )1.5 15.72 0.0715 18.269 18.42
Female 4 102.7 4.4 )1.8 15.45 0.0735 18.111 18.4
Female 5 110.5 4.6 )1.9 15.20 0.0768 17.995 18.33
Female 6 117.4 4.8 )2 15.14 0.0821 18.213 18.39
Female 7 123.4 5.2 )1.9 15.22 0.0925 18.802 18.68
Female 8 129.2 5.8 )1.7 15.43 0.1044 19.594 19.23
Female 9 134.9 6.4 )1.6 15.71 0.1099 20.193 20.01
Female 10 141 6.9 )1.5 16.02 0.1152 20.818 21.02
Female 11 147.3 7.2 )1.4 16.42 0.1226 21.694 22.24
Female 12 153.7 7.2 )1.3 17.03 0.1255 22.579 23.43
Female 13 159.2 6.9 )1.3 17.92 0.1222 23.545 24.32
Female 14 162.9 6.7 )1.3 18.89 0.1147 24.336 24.79
Female 15 165 6.7 )1.3 19.58 0.1066 24.702 24.94
Female 16 166.3 6.7 )1.2 19.95 0.1000 24.691 24.95
Female 17 167.2 6.7 )1.2 20.20 0.0923 24.542 24.97
Female 18 167.7 6.7 )1.1 20.50 0.0822 24.287 25.01
Male Birth 51.4 1.9 0.001 13.00 0.0798 15.105 15.3
Male 0.25 61.6 2.2 )0.1 15.48 0.0723 17.750 17.98
Male 0.5 68.7 2.4 )0.2 16.27 0.0797 18.946 19.19
Male 0.75 73.8 2.7 )0.3 16.45 0.0839 19.336 19.61
Male 1 77.6 2.9 )0.4 16.56 0.0965 19.994 19.73
Male 1.5 82.8 3.2 )0.6 16.67 0.0901 19.932 19.67
Male 2 87 3.4 )0.7 16.66 0.0784 19.466 19.48
Male 3 95 3.8 )1 15.70 0.0684 18.020 18.04
Male 4 103.1 4.3 )1.2 15.53 0.0623 17.620 17.87
Male 5 110.6 5 )1.4 15.28 0.0631 17.398 17.72
Male 6 117.5 5.4 )1.6 15.23 0.0704 17.675 17.95
Male 7 124 5.5 )1.7 15.30 0.0828 18.334 18.66
Male 8 130.2 5.4 )1.8 15.51 0.0913 19.050 19.6
Male 9 136 5.5 )1.9 15.75 0.0957 19.630 20.42
Male 10 141.1 5.9 )1.9 16.00 0.1028 20.359 21.12
Male 11 146 6.7 )1.9 16.37 0.1094 21.252 21.8
Male 12 151.2 7.5 )1.8 16.88 0.1177 22.389 22.5
Male 13 157.3 8.2 )1.8 17.55 0.1228 23.659 23.22
Male 14 164.2 8.5 )1.7 18.39 0.1218 24.585 23.94
Male 15 170.9 8.5 )1.6 19.34 0.1157 25.275 24.66
Male 16 176.2 8 )1.6 20.14 0.1092 25.837 25.3
Male 17 179.6 7.1 )1.6 20.60 0.1034 26.006 25.77
Male 18 180.4 6.5 )1.5 20.80 0.0997 25.922 26.08
The 50th percentiles for BMI were taken as BMI-M. BMI-L was taken from Table 1 (shaded). The percentiles were then used to derive BMI-S (shaded). The differ-
ences between the published 97th (pubBMIp97) and the calculated LMS-derived 97th percentile (calBMIp97, shaded) are small.
BMI, body mass index.
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in respect to which chart is the right chart to use (2).
LMS growth charts have been recommended to best ﬁt
modern clinical requirements (4–6), but international LMS
charts do not appropriately represent ‘local growth’ of chil-
dren of a certain geographic region (32). This dilemma has
led to a confusing variety of modern and old, national and
international growth charts. The incommensurability of
growth charts severely complicates comparisons of child
growth between different countries, and is particularly irk-
some in international health surveys, and in international
drug monitoring and postmarketing surveillance programs.
We thus pursued the idea of ‘upgrading’ frequently used tra-
ditional European growth references into modern full range
(birth to maturity) LMS tables for height and BMI. In view
of the promising efforts in constructing synthetic growth ref-
erences for Lithuania (33) and several Russian populations
(23), we started amalgamating, i.e. harmonizing available
and heuristic data. This approach is simple in regard to
height. As the parameter height is normally distributed,
height tables that already consist of mean values and SD for
height can immediately be converted into LMS (with
L = 1). The approach is less trivial in regard to BMI.
LMS values for BMI were only available in the Belgian,
the UK and Italian references. The German Hesse (21,22)
and the Polish (11) references provided percentiles of BMI.
The French (10), the Swiss (14) and the German Reinken
(18–20) references entirely lacked BMI estimates. BMI is
deﬁned as weight⁄height
2. Correct mean values for BMI
should be obtained from all individual weight⁄height
2
ratios. Yet, as this information was absent, we instead cre-
ated crude mean values for BMI by dividing the mean
values for weight by the squared mean values for height.
Crude BMI differs from correct mean values for BMI, but
the differences appeared to be close to zero and clinically
negligible.
Given no further information, we compiled separate
tables each containing M-, L- and S-values for the BMI. In
this way, we harmonized the primarily incongruent Euro-
pean growth charts, resulting in strongly simpliﬁed, but
interchangeable LMS tables for each country. Harmonizing
growth charts appear to be a fascinating novel, convenient
and cost-effective alternative to setting up de-novo growth
studies. The technique facilitates producing references ‘on
demand’, for limited regional purposes, for ethnically,
Figure 3 10th height percentiles of nine European growth references plotted on
WHO growth standard⁄references. European 10th height percentiles markedly
deviate from the WHO 10th height percentile. The percentiles were derived from
LMS values. The ﬁgure clearly illustrates how inappropriately the European ref-
erences are represented by the WHO references. The trough at 12–13 years indi-
cates warping of the European percentiles against the WHO reference.
Figure 4 M-values for body mass index (BMI) of nine European growth refer-
ences plotted on WHO standard⁄references. The ﬁgure clearly illustrates the
inappropriateness also of WHO BMI references for the European populations
regardless, whether the patterns of M-value were obtained from individual
weight⁄height
2 [Belgian (9), German (Hesse) (21,22), Polish (11), UK (8,15,16),
Italian references (17)] or crude estimates. European infants are generally hea-
vier than WHO standards suggest.
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also for matching geographically different groups of chil-
dren and adolescents for international growth and registry
studies. Yet, the technique may raise problems, in that its
simplicity may encourage people to neglect the true needs
for properly raised original data. Nevertheless, we believe
that if used carefully, a low-budget harmonized growth ref-
erence with its simple and uniﬁed SDS format provides sig-
niﬁcant advantages and may facilitate the investigation of
worldwide variation in human growth.
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